1.. Introduction {#s1}
================

In modern microbiology, much attention is paid to studying the population heterogeneity of infectious diseases pathogens, which opens up prospects for the insight of ecological and epidemiological patterns of the epidemical situation and the development of fundamentally new methods of diagnostics, treatment and prevention.

This direction of research has created two main approaches to the analysis of pathogen populations: microbiological and molecular genetics. The microbiological methods of typing existing in the modern period characterize the heterogeneity of pathogenic species by their phenotypes, and the significance of these methods has not decreased to the present. Molecular genetic typing methods reveal the heterogeneity of microbial species according to the molecular characteristics of their chromosomal and extrachromosomal parts of the pathogen\'s genome.

*Salmonella enterica* occupies a leading place in the etiology of human bacterial intestinal infections. The main subspecies of this species is *enterica*, which in turn is divided into more than 2,600 serovars [@b1]. *Salmonella enterica* subsp. *enterica* is highly adapted to warm-blooded higher vertebrates. However, according to the degree of their adaptation to the host organism, this species can be divided into two large groups: specific (host-adapted) and non-specific (host-unadapted) [@b2]. The first group includes several serovars (*S.* Typhi, *S.* Paratyphi, *S.* Sendai, *S.* Abortusequi, *S.* Gallinarum, *S.* Pullorum, *S.* Typhisuis, *S.* Abortusovis, *S.* Dublin and *S.* Choleraesuis), which are usually cause severe systemic diseases. All other serovars belong to the second group, and first of all, *S.* Enteritidis and *S.* Typhimurium, which in the modern period occupy leading positions in the etiology of the disease in humans. Their epidemiological significance may vary depending on the year and the area of distribution [@b3],[@b4]. However, in most cases, *S.* Enteritidis is the main serovar in the etiology of the disease in humans in many countries of the world [@b5], including Russia [@b6].

In recent years, it became known that *Salmonella* serovars specific to a particular host are genetically less diverse, i.e. characterized by fewer alleles and frequent absence (pseudogenization) of genes than non-specific serovars [@b7]. Since *Salmonella* is an intracellular facultative pathogen, it is possible that some chromosomal genes may be lost, the function of which can be performed by the host genes to which this serovar is adapted [@b8]--[@b11].

Besides chromosomes, it is known that plasmids and their presence also determine the genetic diversity of microorganisms [@b12]. In *Salmonella enterica* subsp. *enterica*, plasmids are found in the majority of serovars. For serovar *S.* Enteritidis, plasmids were detected in 98% of isolates [@b13], and in 94% of strains isolated from patients with *Salmonella* infection, the serovar-specific virulence plasmid pSEV with a size of 59,372 base pairs (bp) has been found [@b14]. It has been shown that this plasmid is fairly conservative, therefore its use in estimating genetic diversity is limited [@b14]. However, in addition to the virulence plasmid, *S.* Enteritidis strains have a lot of other plasmids of various sizes, the presence or absence of which determines the plasmid type of the pathogen. It makes possible to use them as an epidemiological markers for the pathogen monitoring. The monitoring system allows one or several complementary molecular genetic methods to evaluate the microbial population structure and the contribution of individual genotypes to the population morbidity in a given territory, which allows for more targeted preventive control measures [@b6].

The theoretical basis of the monitoring system is the development of a clonal concept of the microbial population structure, according to which the structural unit of the population is a clone [@b15]. From the evolutionary genetic point of view, a clone is defined as a group of genetically identical or closely related cells that are identical by origin from a common ancestral cell in the absence of chromosomal recombination [@b16]. In accordance with this definition, natural populations are a combination of, more or less, independent cell lines with known genetic markers, the analysis of which allows one to track the spread of individual genotypes of the microbe.

2.. Characteristics of the molecular genetic diversity of *Salmonella* in various regions of the world {#s2}
======================================================================================================

2.1.. Research methods and history of studying the molecular genetic diversity of *Salmonella* {#s2a}
----------------------------------------------------------------------------------------------

We think that the history of the study of the *Salmonella* molecular diversity may be counted from the early 1970s. During these years, rather simple methods for the isolation of plasmid DNAs were developed, which subsequently allowed them to be electrophoretically separated in agarose gel [@b17]. It allowed discovering that large-sized plasmids found in many strains of the same serovar were associated with virulent properties [@b18],[@b19]. In addition to the fact that plasmid profile analysis was often used to interpret outbreaks of infection and for monitoring of the pathogen, the population structure for each of the individual *Salmonella* serovars was for the first time identified. The results of plasmid profiling showed that plasmids are present in 96% of the isolates of all *Salmonella* serovars and, therefore, are able to be differentiated by this method [@b20],[@b21]. In particular, by studying of 278 *S.* Typhimurium strains, isolated in 1973--1981 in the New York state, the authors were able to differentiate four main plasmid types and select the most significant ones (dominating plasmid type of 7.5:6:3 kb) in terms of epidemiology [@b22]. Thus, it was always possible to isolate the dominant plasmid type(s) and types that play a secondary role in the epidemiology of infection. To overcome one of the disadvantages of plasmid profile analysis, the similarity of different plasmids by weight, the method of restriction endonuclease analysis of plasmids (REAP typing), allowing one to prove the similarity or difference of plasmids that are close by molecular weight, was introduced [@b23].

In the mid-1980s--early 1990s a much useful information about the genetic structure of *Salmonella* populations was obtained using restriction enzyme analysis of chromosomal DNA and specifically its variant, Southern blot analysis, in which probes are used as a marker [@b24]. Another method, ribotyping is the most common variant of the Southern blot analysis [@b25], in which the nucleotide sequences of the 16S and 23S rRNA genes used as probes [@b26].

Since the early 1990s for *Salmonella* differentiation, PCR typing methods were developed and widely used. Molecular markers used for typing include individual genes, IS*200* elements [@b27] and repeated nucleotide sequences that are scattered throughout the genome. The latter include in ERIC-PCR (Rep-PCR) and RAPD-PCR methods. In ERIC-PCR (enterobacterial repetitive intergenic consensus, Rep-PCR), repeated nucleotide sequences from genomic DNA are amplified [@b28]. Two main types of repeats are used for typing: repetitive extragenic palindromic (REP) elements and intragenic constant sequences. Both variants have a good differentiating ability at the strain level; therefore ERIC-PCR is a widely used method of DNA typing. PCR using random primers (RAPD - random amplified polymorphic DNA) is based on the use of short random oligonucleotide primers with a length of 9--10 bp, which hybridize with the DNA target at a low annealing temperature. In this variant of PCR typing, short primers and a low annealing temperature are used to initiate amplification of nucleotide sequences in different regions of the genome [@b29].

Until 2010 pulse-field gel electrophoresis of chromosomal DNA (PFGE) was the 'gold standard' for *Salmonella* typing [@b30]. It gained its greatest popularity in the 1990s, when it was introduced into the PulseNet monitoring system at the CDC in the United States [@b31]. The results of studies using from one to three restriction endonucleases showed its high resolution and advantage over most other phenotypic and genotypic methods of intraspecific typing [@b32].

In the early 2000s sequencing of the first complete *Salmonella* genomes has made it possible to identify loci where microsatellite repeats are concentrated, which in turn led to a new method known as multilocus variable number tandem repeat analysis (MLVA) [@b33]. The method is based on the difference in the number of repeats in DNA belonging to different clonal lines, using capillary electrophoresis or Sanger sequencing [@b34]. Currently, this method, along with whole genome sequencing (WGS), is complementary to PFGE in the monitoring system for *Salmonella* in the CDC [@b35].

At the same time, the technology of multilocus sequencing typing (MLST), based on Sanger sequencing of a number of household gene fragments, was developed [@b36]. This technique has ambiguously proven itself when typing *Salmonella*, showing that different serovars are not sufficiently diverse compared to the population structure detected by the PFGE [@b37]. Due to the high portability of this technique, a publicly accessible worldwide online database of sequence types has appeared, allowing phylogenetic analysis of a large number of isolates, combining related sequence types into clonal complexes [@b38].

Due to the availability of next generation sequencing (NGS) methods, whole genome sequencing (WGS) is currently the most advanced, and at the same time, the most expensive method [@b39]. The online database EnteroBase, which also included a legacy database of sequence types, allows for the analysis of any level of complexity [@b40] on more than 250,000 *Salmonella* genomes. However, the bottleneck of the building of such databases is the lack of metadata, the exhaustiveness of which completely depends on researchers who deposits the results of their research to the database.

2.2.. The results of a study of *S.* Enteritidis population using plasmid profile analysis {#s2b}
------------------------------------------------------------------------------------------

Among all the above-described methods, plasmid analysis is the first, the simplest and the most used one for all years since molecular genetic monitoring of *Salmonella* was introduced, and *S.* Enteritidis is the most common serovar among all *Salmonella enterica* subsp. *enterica*. Taking this into account, in this review we present the study results of the *S.* Enteritidis population using plasmid profile analysis.

The use of the molecular genetic methods of intraspecific typing of *S.* Enteritidis presented above allowed us to obtain new information, first of all, about the microbe population structure in various regions of the world. One of the first ideas about the heterogeneity of a microbe population was obtained by plasmid profile analysis of 219 *S.* Enteritidis strains isolated in 1988 from patients in Spain [@b41]. The studied strains were represented by 15 plasmid types of the microbe, among which two plasmid types dominated, containing different sets of plasmids, which accounted for 82.6% of the strains. The most frequently detected was a plasmid type carrying a single plasmid of 59 kb, which found in 128 strains (58.4%). The second most frequent were the strains containing plasmids 59 kb and 3.0 kb, which accounted for 53 strains (24.2%). The presented heterogeneity of the *S.* Enteritidis population persisted in 1990, when strains containing the 59 kb plasmid, which found in 44.5%, continued to dominate among the 72 strains of the microbe isolated from the patients [@b41].

Similar to the results obtained in Spain on the plasmid characterization of the *S.* Enteritidis population structure were the results obtained in USA and Czech Republic. In a study of 154 *S.* Enteritidis strains isolated in the United States from humans, animals, and food, 16 plasmid types of the microbe were identified [@b21]. Among them, two plasmid types dominated (59 kb and 59:4.7 kb), combining 76% of the studied isolates. Among the 663 strains of *S.* Enteritidis studied in the Czech Republic, represented by 15 plasmid types, two plasmid types also dominated (59 kb and 59:5.2 kb) [@b42],[@b43].

Similar results on the heterogeneity of the *S.* Enteritidis population were obtained by using combination of methods for intraspecific genotyping, including plasmid profile analysis, PFGE and PCR typing. A study of the *S.* Enteritidis strains collections isolated from various sources in Poland and UK showed that the strains of the phage type PT4, most often detected in patients, may be genetically identical or their heterogeneity can be largely determined. For example, in the study by the PFGE and plasmid profile analysis of 140 *S.* Enteritidis strains isolated in Poland [@b44], four microbe genotypes were identified. However, all the *S.* Enteritidis strains of the phage type PT4 were identical by the plasmid profile and by the results of PFGE typing. In England [@b45], where the microbe of the phage type PT4 also plays a leading role in the etiology of the infection, 30 strains of the phage type PT4 were found to have 12 genotypes, but 22 strains (73%) belonged to the one leading genotype. It must be emphasized that this limited heterogeneity of the microbial population is associated not only with the phage type PT4. *S.* Enteritidis PT11 and PT9a strains isolated in Germany in 1994--1998 were also closely related by using plasmid profile analysis and PFGE [@b46].

A comparable level of heterogeneity of *S.* Enteritidis strains was found to be characteristic of isolates from Southeast Asia (Hong Kong, Taiwan, Japan). A study using plasmid profile analysis, ribotyping and RAPD-PCR of 264 *S.* Enteritidis strains isolated in 1986--1996 from patients in Hong Kong [@b47] showed that 219 isolates (83%) were of the same 59 kb plasmid type. Generally, 90% of the isolates were closely related according to the results of ribotyping, which indicated circulation of related *S.* Enteritidis strains in Hong Kong during the period of study. In Taiwan [@b48], a plasmid profiling of 71 *S.* Enteritidis strains revealed five plasmid types. Nevertheless, the dominant plasmid type of 59 kb was detected in 80% of the strains.

It is needed to emphasize here that in the references given above the size of the 59 kb virulence plasmid can vary from 50 to 60 kb due to the lack of consistency of exact plasmid size in the 1980s.

Thus, the presented results showed that the *S.* Enteritidis population in different regions of the world is heterogeneous. At the same time, usually the degree of *S.* Enteritidis heterogeneity was limited due to the presence of one or two dominant plasmid types in the studied collections of strains, which account for the majority of the studied cultures. The most common plasmid type was *S.* Enteritidis, containing one single virulence plasmid of 59 kb. Overall, the remaining genotypes of the pathogen in collections were represented by single isolates.

At the same time, as can be seen from the presented literature, only individual collections of *S.* Enteritidis strains were studied. They were often collected from different periods of time, and, usually they were very few in number. Therefore, the studies did not analyze the role of individual genotypes in the epidemiology of infection. The high cost and labor intensity of most of the above-described methods of intraspecific genotyping of *Salmonella* exclude the possibility of their use in the long-term monitoring of a large amount of *Salmonella* isolates [@b49].

3.. Molecular genetic diversity of *Salmonella* in Russia {#s3}
=========================================================

Unfortunately, due to the fact that Russia is still not a member of PulseNet International (PulseNet Europe) surveillance system, data on the genetic diversity of *Salmonella* serovars and other foodborne bacterial pathogens (*Escherichia coli, Shigella, Listeria, Campylobacter, Vibrio cholerae, Vibrio parahaemolyticus, Yersinia pestis*) in Russia are practically missing. Those few studies carried out in Russia with the use of PFGE using other (non-CDC) protocols and other methods are mostly limited to the study of strains isolated during salmonellosis outbreaks and are not presented in the available peer-reviewed journals. A systematic long-term study of the molecular genetic diversity of *Salmonella* in Russia is carried out only at the Somov Institute of Epidemiology and Microbiology (Vladivostok), which began in the 1990s with the study of *Salmonella* strains isolated in the Primorye Region. Since 2000, molecular genetic monitoring has been gradually extended to other regions of the Far East of Russia, and then of Siberia. The monitoring is based on the plasmid profile analysis, as the most affordable method for the study of a large amount of *Salmonella* isolates submitting to the laboratory from the above-specified areas (more than 1,000 strains annually). Currently, an abundant material has been accumulated on the genetic diversity of *Salmonella* circulating in Siberia and the Far East, which is shown below.

The etiological structure of *Salmonella* infection in the Primorye Region, as well as throughout the USSR, changed in circa 1987 as a result of the replacement of the dominant serovar *S.* Typhimurium to serovar *S.* Enteritidis. Since 1988, *Salmonella* infection caused by *S.* Enteritidis began to dominate in the structure of the morbidity, and its relative share reached an average of 95.5%. This led to the emergence of numerous outbreaks of disease and a six-fold increase in the *Salmonella* infection incidence in the USSR [@b50]. A similar process took place in other countries, but it began earlier in the 1970s [@b51],[@b52]. Plasmid profile analysis of *S.* Enteritidis strains isolated from Vladivostok, Primorye Region, from 102 patients in 1988--1991, showed that they all carried a single virulence plasmid of 59 kb and belonged to the same plasmid type [@b53].

Further changes in the *S.* Enteritidis population structure were identified in 1991, when, during the study of microbial strains isolated from 86 patients, a plasmid type 59 kb was detected in 80 patients, whereas the strains isolated from the remaining six patients belonged to four previously unreported (new) plasmid types (94:59 kb, 94:59:3.2 kb, 59:3.2 kb, and 73:59:45 kb) [@b13].

The presented results were the basis for a focused study of the dynamics of the salmonellosis incidence in human population in accordance with the plasmid characteristics of *S.* Enteritidis strains isolated from patients, which was done in the process of microbiological monitoring of the pathogen from 1995 to the present. The results obtained over the years of molecular genetic monitoring, indicating the heterogeneity of *Salmonella* populations in different territories, are reflected in a number of publications [@b3],[@b21],[@b53]--[@b60]. During the analyzed period 22,075 strains of *S.* Enteritidis were studied, which accounted for 70% of all strains isolated from various sources. This included strains isolated: 20,889 from humans, 1,148 from product samples, 27 from environment and 11 from synanthropic rodents. The results of the study of the etiological significance of various *S.* Enteritidis plasmid types in the period 1995--2018 are presented in [Figure 1](#microbiol-06-02-007-g001){ref-type="fig"}.

Plasmid analysis of *S.* Enteritidis strains revealed significant heterogeneity of the population by the plasmid profile. In total, among the strains isolated in 1995--2018 it was revealed about 500 plasmid types that were differentiated into two groups according to the frequency of occurrence. The first group included strains of 10 plasmid types, the share of which in different years of observation accounted from 86.5% to 97.1% of the isolated strains. They were designated as 'main' plasmid types. All other strains, which were isolated much less frequently, were assigned to the second group and designated by us as 'rarely detected' [@b54].

The strains of the main *S.* Enteritidis plasmid types differed in the frequency of isolation ([Figure 1](#microbiol-06-02-007-g001){ref-type="fig"}). Firstly, three types of microbe were isolated from patients, marked with plasmids 59 kb, 59:2.1 kb and 59:6.7 kb. Secondly, *S.* Enteritidis of these three types was isolated during almost the entire observation period, and they accounted from 72.4% to 90.3% of the isolated strains. These plasmid types were designated as 'dominant'. The key feature of the dominant plasmid types of the pathogen is that they played a leading role in the etiology of salmonellosis caused by *S.* Enteritidis during all the years of surveillance in all observed territories [@b54].

The remaining seven plasmid types assigned to the main group (59:3.6 kb, 59:3.9:2.1 kb, 59:4.5:2.1 kb, 59:39:2.1 kb, 59:45:2.1 kb, 59:4.8:4.4:2.1 kb, 59:45:3.6 kb) were isolated much less frequently, and their etiological significance during the years of surveillance varied considerably.

As can be seen from [Figure 1](#microbiol-06-02-007-g001){ref-type="fig"}, there is a clear link between the plasmid types of the microbe isolated from food ([Figure 1B](#microbiol-06-02-007-g001){ref-type="fig"}) and isolated from patients ([Figure 1A](#microbiol-06-02-007-g001){ref-type="fig"}), which suggests the foodborne route of transmission.

A separate group consisted of strains of rarely detectable plasmid types of *S.* Enteritidis. Strains of this category were annually represented by a significant number of plasmid types. Their key feature was that they were not significant for the morbidity formation of the population, since in most cases they were isolated from the sporadic patients. Moreover, the annual total etiological significance of rare plasmid types throughout the entire observation period remained low and ranged from 2.6% to 13.5%.

The second plasmid type, which subsequently, along with the plasmid type 59 kb, occupied a dominant position, was 59: 2.1 kb. First identified in 1995, this plasmid type caused a sharp increase in the incidence rate, which was accompanied by a more severe disease [@b49], and subsequently began to occupy a leading role in the incidence rate (from 13.4% to 54.8% of the total incidence of salmonellosis depending on year) until now.

The third most important type was 59:6.7 kb, although it was isolated in insignificant quantities in 1998--2001 and 2003, as well as type 59:2.1 kb in 1995, causing a sharp increase in the incidence rate, with time it took the third place with a share of 8.22% to 31.8% of the total incidence.

As can be seen from [Figure 3](#microbiol-06-02-007-g003){ref-type="fig"}, differences in the *Salmonella* population structure between the regions of the southern and northern administrative territories of the Far East and Siberia were insignificant [@b61]. In all regions, dominance of the two main plasmid types 59 kb and 59:2.1 kb was observed. The third main plasmid type 59:6.7 kb prevailed in the Primorye Region, as well as in the Kamchatka Region and the Magadan Region, which may be associated with the supply of poultry products to these regions from the Primorye Region [@b57]. Most of the dominant plasmid types were isolated in all territories of Siberia and the Far East.

![Pie chart showing the relative incidence of the *S.* Enteritidis population structure by plasmid types: (A) isolated from patients with *Salmonella* infection in Siberia and the Far East from 2000 to 2018; (B) isolated from food for the same period of time.](microbiol-06-02-007-g001){#microbiol-06-02-007-g001}

It should be noted that new plasmid types were detected in different years, and their share in the total amount of *S.* Enteritidis isolates from patients varied significantly depending on the year ([Figure 2](#microbiol-06-02-007-g002){ref-type="fig"}).

![The dynamics of *S.* Enteritidis plasmid types isolation from patients in Siberia and the Far East of Russia from 1995 to 2018.](microbiol-06-02-007-g002){#microbiol-06-02-007-g002}

![Relative share of dominant plasmid types in the etiology of *S.* Enteritidis infection in the human population of the southern and northern territories of the Far East and Siberia (of total percentage of strains isolated from 1995 to 2018).](microbiol-06-02-007-g003){#microbiol-06-02-007-g003}

In this regard, it is important to emphasize that our studies of *S.* Enteritidis strains isolated in the European part of Russia (Murmansk, Izhevsk) showed that their plasmid profile is the same as that of the populations circulating in Siberia and the Far East [@b62].

4.. Conclusion {#s4}
==============

Thus, characterization of the *S.* Enteritidis population in the period 1995--2018 is highlighted its main properties. First of all, the population is characterized by heterogeneity and relative stability of the structure, which is determined by the presence of the main and rarely detected plasmid types of pathogen. From the epidemiological point of view, the heterogeneity of the population is evidenced from the different epidemic significance of plasmid types with the leading role of the main ones, which are dominant in the etiology of *Salmonella* infection. When comparing plasmids and plasmid types, it was found that the plasmid type, containing single 59 kb virulence plasmid, is dominant in most countries of the world, including Russia. A 2.1 kb plasmid pJ was described in the composition of the plasmid types of the pathogen isolated in the Czech Republic [@b42] and the USA [@b56], which led to the conclusion that this plasmid has transcontinental distribution [@b56].

Moreover, the population is characterized by variability, evidenced from a simple change of the annual number of constantly detected plasmid types, and the emergence of new ones that can play a significant role in the etiology of *Salmonella* infection. Presumably, changes in molecular genetic heterogeneity are a continuous process that allows microorganisms to adapt to changing environmental conditions, which, in turn, is reflected in the genome plasticity [@b63]. At the same time, this phenomenon may be due to inter-and intraspecific interaction of *Salmonella*, as a result of their self-regulation in the biogeocenosis [@b64],[@b65].

Thus, the same *S.* Enteritidis clone circulate throughout Russia, however, their significance in the morbidity of the population may vary depending on temporal and, to a lesser extent, on geographical features.
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